Mammalian T lymphocytes are a prototype for development from adult pluripotent stem cells. While T-cell specification is driven by Notch signaling, T-lineage commitment is only finalized after prolonged Notch activation. However, no T-lineage specific regulatory factor has been reported that mediates commitment. We used a gene-discovery approach to identify additional candidate T-lineage transcription factors and characterized expression of N 100 regulatory genes in early T-cell precursors using realtime RT-PCR. These regulatory genes were also monitored in multilineage precursors as they entered T-cell or non-T-cell pathways in vitro; in non-T cells ex vivo; and in later T-cell developmental stages after lineage commitment. At least three major expression patterns were observed. Transcription factors in the largest group are expressed at relatively stable levels throughout T-lineage specification as a legacy from prethymic precursors, with some continuing while others are downregulated after commitment. Another group is highly expressed in the earliest stages only, and is downregulated before or during commitment. Genes in a third group undergo upregulation at one of three distinct transitions, suggesting a positive regulatory cascade. However, the transcription factors induced during commitment are not T-lineage specific. Different members of the same transcription factor family can follow opposite trajectories during specification and commitment, while factors co-expressed early can be expressed in divergent patterns in later T-cell development. Some factors reveal new regulatory distinctions between αβ and γδ T-lineage differentiation. These results show that Tcell identity has an essentially complex regulatory basis and provide a detailed framework for regulatory network modeling of T-cell specification.
Introduction T-cell development is an exceptionally favorable system in which to examine the mechanism of differentiation from stem cells in general. It offers the most completely identified sequence of developmental intermediates known for any post-embryonic stemcell derivatives. Cells with T-cell precursor activity become physically segregated from other blood-cell precursors by migrating to the thymus at a very early stage of their development (Shortman and Wu, 1996; Ceredig and Rolink, 2002; Petrie and Zuniga-Pflucker, 2007; Rothenberg et al., 2008) . This allows these intermediates to be purified for analysis with minimal interference from irrelevant cell popula-tions. Also, because individual T-cell precursors can be isolated relatively easily, it has been possible to define the series of distinct steps at which particular developmental alternatives are lost during the stages leading up to lineage commitment (Rothenberg, 2007) . Tlineage specification is both triggered and sustained by Notch signaling. Yet the way lineage-specific gene expression actually starts and how T-lineage identity is cemented at commitment are both questions still to be resolved.
T lymphocyte development from hematopoietic stem cells is not driven by a single "master gene", but rather depends upon a large number of distinct regulatory factors, as shown by genetic evidence in targeted mutant mice (Anderson, 2006; Rothenberg and Taghon, 2005) . Notch pathway signaling, triggered by ligands in the thymic microenvironment, is a central element, needed both to begin T-cell specification and to complete lineage commitment. However, to promote T-lineage development this signal must act on cells that also have an appropriate constellation of intrinsic regulatory activities. Among the transcription factors already known to have critical roles are GATA-3, Myb, Runx1+CBFβ, Ikaros, TCF-1 activated by Wnt, RBP-J Developmental Biology 325 (2009) activated by Notch, basic helix-loop-helix "E proteins", Gfi1, and in an early hit-and-run role, hematopoietic transcription factor PU.1. Most of these regulatory inputs are needed to allow recognizable T-lineage precursors to emerge in the thymus from the earliest stages, long before the cells express T-cell receptors for antigen and undergo selection events that depend on those receptors. Most of the same factors are then used repeatedly over many cell cycles for days or weeks to define T-cell subtypes (Rothenberg et al., 2008; Ho and Pai, 2007; Tanigaki and Honjo, 2007; Anderson, 2006; Rothenberg and Taghon, 2005; Staal et al., 2001) .
Although identities of these factors are clear, the transcriptional mechanisms that result in T-cell specification have remained more obscure than those involved in specification of many other hematopoietic cell types, especially as contrasted with another lymphoid cell type, namely B lymphocytes (Rothenberg, 2007; Rothenberg and Taghon, 2005) . B cell identity is now known to be created through the action of a cascade of transcription factors in which key roles are played by EBF and Pax5, two dedicated factors that are B-lineage specific in expression as well as function within the hematopoietic system (Cobaleda et al., 2007; Singh et al., 2007; Nutt and Kee, 2007; Hagman and Lukin, 2006) . Because of their specific expression patterns, mutations in these factors also yield selective defects in Bcell development that can be staged and characterized in molecular terms. These factors also act effectively as positive B-lineage regulators in both gain of function and loss of function experiments. The result has been a definitive elucidation of the B-lineage specification process (Cobaleda et al., 2007; Singh et al., 2007; Nutt and Kee, 2007; Hagman and Lukin, 2006) . There are indeed two well-studied factors that are Tlineage specific in expression, namely GATA-3 and TCF-1 (product of the Tcf7 gene), and it has been known for years that these are both required specifically for T-cell development (Verbeek et al., 1995; Ting et al., 1996; Hattori et al., 1996) . However, in marked contrast to the Bcell factors, these do not appear to upregulate T-lineage target genes specifically and do not enhance T-cell development in gain of function experiments Kirstetter et al., 2006; Scheller et al., 2006; Baba et al., 2005; Staal et al., 2004; Anderson et al., 2002a) . One possible interpretation of existing data is that T-lineage choice is fundamentally different from B lineage choice; but another possibility has been that the EBF and Pax5 equivalents for T cells simply have yet to be recognized. Therefore, a crucial question is whether other transcription factors may exist in early T-lineage cells that could play more cell-type specific roles.
This study and its predecessors (Tydell et al., 2007; Anderson et al., 1999) were undertaken to identify any "missing" regulators of T-cell development that may be T-cell lineage specific, to track the major changes in transcription factors generally as cells progress toward Tlineage commitment, and to clarify how their roles and expression are coordinated with the observed landmarks in T-cell development (Rothenberg et al., 2008) . In this study, we have relied on cDNA macroarray screening for gene discovery and on sensitive, quantitative realtime RT-PCR (qPCR) measurements to identify a large group of regulatory gene candidates and track the way that they and their family members are expressed in early T-lineage precursors. The results show that the T-cell specification process entails discontinuous upregulation of one group of transcription factor genes, surprisingly stable expression of a larger group of stem cell-inherited factors until after commitment, and downregulation of another substantial group of previously expressed transcription factor genes. However, few regulatory genes overall have highly specific T-cell expression, and while T-lineage commitment also causes upregulation of certain transcription factor genes, most of these are not T-lineage specific. These results add substantial detail to the transcription factor dynamics that underlie T-cell specification and strengthen the probability that there is a fundamental divergence between the overall regulatory strategies involved in T-cell and B-cell lineage choice.
Materials and methods

Animals
Cells were obtained from C57BL/6 mice and from mice of TCRβ −/− and Rag2 −/− genotypes on a C57BL/6 background, all maintained in our breeding colony at the California Institute of Technology (Caltech). "Adult" samples were from 4-6 week old mice for thymocyte isolation and from 8-12 week old mice for bone marrow isolation. Fetal liver was obtained from timed pregnancies of C57BL/6 or (C57BL/6 × DBA/2) F 1 mice at E14.5 (day of plug = E0.5). Animals were kept in microisolator cages in an AAALAC-accredited facility with the immune-deficient mutants maintained with sterilized cages, water, food, and bedding. Euthanasia and animal care followed NIH guidelines, under protocols approved by the Institute Animal Care and Use Committee.
Gene discovery by macroarray screening
New cDNA clones of interest were isolated from a C.B17-Prkdc scid/scid (SCID) mouse thymocyte cDNA library that was constructed and arrayed onto four large nylon filters as previously described (Anderson et al., 1999; Tydell et al., 2007) . SCID thymocytes were used as starting material because their mutant phenotype prevents T-cell development from continuing through β-selection. Thus, N90% of these populations naturally consist of T-cell precursors in the DN1-DN3 stages. To select for cDNAs that might encode gene regulatory factors, four "macroarray" filters containing approx 73,000 clones were screened as previously described (Tydell et al., 2007) with probes designed to identify conserved domains associated with transcription factors.
To make these initial probes, gene sequences of representatives from various transcription factor families were aligned using ClustalX, and primers were designed to their DNA binding domains or protein interaction domains. Primers used are tabulated in Table  1 . The putative functional domain coding regions were then amplified from bulk SCID thymus cDNA and gel-purified. Domainspecific DNA probes were generated by random priming in the presence of α-32 P dCTP, using the gel-purified PCR amplification products as templates. Probe was hybridized to the macro-array filters overnight and washed with 3-4 low stringency washes to enable fully and partially matched hybrids to be detected. Macroarray filters were exposed to film and clones identified by positively hybridizing spot pairs that were picked from the archival library for further analysis as previously described (Tydell et al., 2007) . A total of 1490 clones were selected into 96-well plates for sequencing and re-arraying onto smaller nylon filters.
Sequencing was performed by the modified Sanger's method at the Institute for Systems Biology, Seattle, WA. The sequences were identified by BLASTn, BLASTx (http://blast.ncbi.nlm.nih.gov/Blast. cgi), and BLAT alignments against the GenBank "nr" databases and the mouse genome (up to builds 35 and 36; http://genome.ucsc.edu). New sequences that appeared to encode transcription factors or potential transcription-modifying factors, as well as sequences that defined new splice isoforms of known transcription factor genes, were submitted to Genbank as Expressed Sequence Tags (accession numbers listed in Table 2 ).
Primary T-lineage cell samples
Cell populations of interest were collected by fluorescenceactivated cell sorting (FACS), and cells were processed in Qiazol (Qiagen, USA) for RNA. RNA was purified using Qiagen RNAeasy kits (Qiagen), and treated with RNase-free DNaseI (Ambion) to remove genomic DNA contamination before conversion into first strand cDNA using Superscript Reverse Transcriptase (Invitrogen).
To isolate intermediates in T-cell development, antibody-mediated depletion with magnetic beads and multiparameter fluorescenceactivated cell sorting (FACS) were used as previously described Yui and Rothenberg, 2004; Anderson et al., 1999) . DN subsets were sorted from wild type C57BL/6 mouse thymi that were first depleted for CD3, CD8,TCRβ, TCRγδ, NK1.1, Gr-1, F4/80, B220, and Ter119. For "Series A", cells were sorted into DN1 (or ETP, early T-cell precursor) (CD117+ CD44+ CD25−), DN2 (CD117+ CD44+ CD25+), DN3 (CD117− CD44− CD25+), and DN4 (CD117− CD44− CD25−). For "Series B", cells were sorted into DN1, DN2, DN3a, and DN3b subsets using CD27 to split the DN3 subsets as described previously , and isolating DN4 cells as CD44− CD25− CD24+. To examine DN subsets from Rag2 −/− mutant thymus, first 10% of dissociated thymocytes were reserved to sort for DN2 = Thy1.2+ CD44+ CD25+ and DN3 = Thy1.2+ CD44− CD25+ stages. The remaining 90% cells were depleted of CD24, Gr-1, F4/80, and Ter119 and then sorted to separate Sca-1+Thy1-(precursor-enriched) and "pre-NK"=Sca1− Thy1 ± subsets (David-Fung et al., 2006) . These "pre-NK" cells are strongly enriched for expression of NK cell genes such as perforin and Id2 David-Fung et al., 2006; Wang et al., 1998) .
To analyze the development of fetal hematopoietic precursors developing in OP9-control or OP9-DL1 culture, Lin − c-Kit + CD27 + multilineage precursors (Lin = Ter-119, CD19, F4/80, Gr-1) were isolated by FACS and cultures were established exactly as described previously . In these experiments, OP9-control cultures generated B cells predominantly while OP9-DL1 cultures generated T cells. Samples were generated from two independent large-scale time course experiments, one of which was a 10-day timecourse also used for previous analyses Tydell et al., 2007), and another set in which cells retaining precursor phenotypes were re-sorted after the first two days, returned to OP9 coculture, and harvested after just 4 days overall. Some samples from these time-courses were also sorted again at day 4 to re-isolate cells retaining the Lin − c-Kit + CD27 + precursor phenotype and to separate these from CD27 − Mac-1 + /Gr-1 + cells that had also been generated in the cultures.
To assess gene expression in later T-cell development, thymic cells from wild type C57BL/6 mice were sorted by FACS directly to isolate double positive (DP) and single positive CD4+ cells, while another aliquot of the thymocytes was first depleted of CD4, B220 and NK1.1 expressing cells and then sorted to isolate double negative (DN) and single positive CD8+ cells. The markers used were: DN = CD24+ CD4− CD8−, DP = CD4+ CD8+, CD4 SP4 = CD4+ CD8−, CD8 SP = TCRβ + CD24− CD4− CD8+. TCRγδ cells were obtained from TCRβ −/− thymocyte populations that were depleted for CD4 and CD8 prior to sorting for expression of CD3ɛ and TCRγδ. To assess non-T lineage expression in 
(continued on next page) 
SpiB, ex1-2 5 ′-CTTGCTCTGGAGGCTGCAC-3′ ⁎ (−); used in Yui and Rothenberg (2004) 
TCF-1 5′-CAAGGCAGAGAAGGAGGCTAAG-3′ Intra-exon: detects N-term half of the HMG domain: "Tcf7.8" 5′-GGCAGCGCTCTCCTTGAG-3′ (continued on next page) Tcf7 (alt primers) TCF-1 5′-TGCTGTCTATATCCGCAGGAAG-3′ ⁎ (+) Crosses from exon III to IV: "Tcf7.3";
More sensitive due to shorter amplicon than for primers in Maeda et al. (2007) 
a For original references to primer pairs that are not marked by "+", see Anderson et al. (2002a Anderson et al. ( ,b, 2004 ; adult tissues, pro-B and pre-myeloid cells were prepared from Rag2 −/− mutant bone marrow as described previously (Tydell et al., 2007) .
Quantitative real-time reverse transcriptase-dependent PCR
Quantitative reverse transcriptase-dependent PCR (qPCR) was performed to measure gene expression in different samples of cDNA from the cells described above. Primers were designed to genes of interest using the PrimerExpress™1.5 (ABI) or Primer3 (http://fokker. wi.mit.edu/primer3/input.htm) programs. They were designed as far as possible to span introns of N200 bp length, to avoid amplification of genomic DNA. Intron-exon information was verified from Ensembl (http://www.ensembl.org) and UCSC mouse genome assemblies. Primers utilized are shown in Table 3 . Many primer sets used in this study have also been reported previously (Anderson et al., 2002a , Anderson et al., 2002b Hernández-Hoyos et al., 2003; Yun and Bevan, 2003; Yui and Rothenberg, 2004; Dionne et al., 2005; David-Fung et al., 2006; Franco et al., 2006; Tydell et al., 2007) . Standard curves were run for new primers to select sets with dilution curves giving close to the theoretical value of ΔC T 3.3 per tenfold dilution. Note the anomalous titration behavior of two primer sets, Stat5b and Thrap3 (Table 3) , which should be treated with caution, but the great majority showed amplification consistent with 1.8-2.0 fold amplification per cycle. Samples were run in triplicate on an ABI Prism 7700 or 7900HT realtime PCR machine, and thresholds were set uniformly across all genes analyzed with a particular reference standard to calculate ΔC T = C T (gene) − C T (standard). Levels of expression were converted to units of β-actin or GAPDH expression using the formula: expression = (1.9) − ΔCt .
Each gene was interrogated in at least two independently sorted sets of samples (two sets = 1 "Series") for verification of gene expression patterns, and key genes were analyzed in four or more independently sorted sets of samples. Sorted cell cDNA inputs were routinely normalized by expression of GAPDH and β-actin; in early analyses, expression of Hprt was also assessed (not shown). To test for genomic DNA contamination in cDNA samples, primers IL2-UP, from the upstream non-transcribed region flanking the mouse IL2 gene were used (Adachi and Rothenberg, 2005) . In general, patterns of expression defined by changes in level N3 fold were highly reproducible among independent experiments [also see (David-Fung et al., 2006; Rothenberg et al., 2008) ]. However, "absolute" levels of expression measured relative to standards could vary over time according to detailed conditions of measurement, with the worst differences (5-10 fold) associated with certain primer sets. Thus all analyses shown are based on simultaneous measurements across a full series of samples, and patterns with little variance cannot be accurately distinguished.
Clustering algorithms
Correlation values between the expression profiles of all genes in a data set were calculated for each Series, and they were post-processed by sorting on Hierarchical (tree) (Baldi and Brunak, 2001) or Minimum Spanning Tree (MST) algorithms as described in Supplementary Methods. The values from qPCR analyses used were log transformations of averages of the two independent sets of data. Data from Series A and from Series B were analyzed separately.
A method of visual representation of the correlation data was developed as a matrix of the Pearson correlation values between expression patterns of each gene with those of each other gene. In this matrix, each value of entry 'ij' (row i, column j) reports the correlation between expression of gene 'i' and gene 'j', while 'ji' would show the correlation between the same two genes across a 45 angle of reflection. For 60 genes processed, e.g., there are 60 entries per gene with a value of 1 for each self-correlation, with these self-correlations marking the diagonal of the matrix. A grid of values relating to colors from blue to red were assigned: blue representing a maximum correlation of +1, yellow a lack of correlation, and red a complete anticorrelation at −1. This representation was applied to the genes in lists ordered either by hierarchically clustered sorting (shown) or by minimum spanning tree sorting (not shown). In the hierarchically sorted coldmap clusters, the red numbers above the dendrogram denoted the chronological order of the links drawn, with low numbers for links between genes or groups of genes with very similar expression patterns and high numbers between groups of genes with more distinct expression patterns. Cluster or branch-cutting was based on these link-orders.
The minimum spanning tree (MST) algorithm comes from the cluster analyses of Xu and Olman (Olman et al., 2003; Xu et al., 2002) ; where points are ordered so that the sum of their linkages is minimized. This provides a way to view the data as a fully-connected graph with the data points as the vertexes and the distances as the edges. A tree can be obtained from this graph, such that each vertex is visited once and the sum of the edges is minimal. Details of the algorithms used for MST and hierarchical clustering are presented in the Supplementary Material.
To visualize the patterns represented by each cluster as well as their relationships, Self-Organizing Matrix (SOM) analysis (Tamayo et al., 1999) was also applied to the data for each Series separately. Logtransformed expression measurements for each gene across the DN subsets were normalized to a row mean of 0 and then organized into 10-12 clusters by GeneCluster2 software (http://www.broad.mit.edu/ cancer/software/genecluster2/), using two-row and three-row organizations. The configurations presented explain N84% of the gene expression variance in each Series.
Results
A. global search for transcription factor genes expressed in early T-lineage cells
Most factors currently known to play a role in early T-cell development have been discovered indirectly, either by serendipity or by cis-regulatory analysis of genes expressed by mature T cells. To search more broadly for transcription factors or transcription factor variants that act during early T-cell development, we took a gene discovery approach based on de novo cloning.
As a source enriched for cDNAs expressed during the choice of a T-lineage fate, we used a macroarray of two cDNA libraries prepared from immature thymic cells whose development beyond the point of commitment was blocked by a "severe combined immune deficiency" (scid) mutation in the Prkdc gene (Anderson et al., 1999) . These populations are ∼10 2 fold enriched, relative to normal thymus, for immature T-lineage cells in stages between entry into the thymus and commitment (Fig. 1A) . This master arrayed library has been a valuable source of stage-specific cDNA clones for previous studies (Anderson et al., 1999; Tydell et al., 2007) . To recover candidate transcription factor coding sequences, we screened filters spotted with the arrayed library iteratively by hybridization with specific probes for diverse transcription factor domains. Probes were made to detect canonical DNA binding domain types or protein-protein interaction domain types (Table 1) , as described in Materials and methods. Clones significantly reactive with these probes were recovered from the arrayed archive and sequenced. Sequences predicted to encode regulatory factors, chromatin modifying proteins, and potentially relevant signaling molecules were submitted to GenBank as summarized in Table 2 . Diverse splice isoforms of known genes (e.g. Tfdp1, Rbak, and Zfp426) and many genes predicted to encode transcriptional repressors (KRAB and SCAN domain Krüppel-type zinc finger proteins) were identified from the SCID thymus cDNA library.
Expression of the newly identified transcripts was monitored in purified immature thymocytes from wildtype mice by qPCR, together with expression of known T-lineage differentiation genes and previously identified T-lineage transcription factors, as described in the following sections.
Stages of developmental activation of T-cell genes
Cells in the first stages of T-cell development that enter the thymus are diagrammed in Fig. 1A . These stages are defined as "double negative" (DN), as they lack mature T-cell markers CD4 and CD8. In order of maturity, these stages are termed DN1 (or early T-cell precursor, ETP), DN2, DN3a, DN3b, and DN4. Progression through these stages is profoundly dependent on Notch/Delta signaling. Yet the maturation process is independent of the T-cell receptor (TCR) until after the DN3a stage. At that point the cells arrest at a developmental checkpoint and cannot proceed further until successful rearrangement of TCR gene segments occurs. This conditional arrest point is known as the "β-selection checkpoint". During the initial stages of intrathymic development, T-cell precursors retain certain alternative developmental potentials. Precursors may develop along natural-killer and/or dendritic cell lineage pathways. However, by the DN3a stage, the cells are committed to some form of T-cell fate.
Because T-lineage differentiation occurs continuously in mammals throughout life beginning at mid-gestation, the normal thymus is in a dynamic steady state in vivo. To obtain a virtual timecourse of early Tcell development for gene expression analysis, we sorted different subsets of immature mouse thymocytes from postnatal, weanling mice, defining developmental stages based on expression of the growth factor receptor c-Kit and markers CD44, CD25 (Ceredig and Rolink, 2002) , and where appropriate, heat-stable antigen (CD24) and CD27 . Four independent series of samples were prepared from normal, young adult mice. DN1, DN2, total DN3, and DN4 cells were collected in each of the first two sets ("sets 1 and 2", Series A), whereas in the second two sets ("sets 4 and 5", Series B) the DN3 cells were further subdivided into DN3a (pre-selection) and DN3b (the first stage past β-selection).
The timing of major positive regulatory changes that confer Tlineage identity was revealed by expression of known T-cell differentiation genes, such as those encoding TCR/pre-TCR complex components CD3ɛ and CD3γ, kinases Lck and ZAP70, the specific linker LAT, and the surrogate TCR chain Ptcra, as shown in Fig. 1B . All these genes undergo substantial increases in expression from DN1 to DN2 to DN3 or DN3a stage, with only ZAP70 expression continuing to increase further beyond the DN3a stage. The most strictly T-lineagespecific of these genes, CD3ɛ, CD3γ, and Ptcra, show a particularly steep upregulation between the DN1 and DN2 stages. In corresponding subsets of fetal thymocytes, the major increase in expression of each T-lineage gene occurred similarly from the DN1 to the DN3 stage. One minor difference was that the DN1 populations in those rapidlydeveloping cohorts appeared to show slightly higher T-lineage gene expression than adult DN1 stage cells (David-Fung et al., 2006) 
Yui, data not shown). Because Notch signaling is critical for T-cell specification, the samples were also assayed for expression of the Notch target gene Deltex1 (Dtx1). Deltex1 is clearly upregulated in DN1 stage cells as compared to prethymic precursors (Tydell et al., 2007) and is further upregulated during the DN2 to DN3 transition. Its pattern of upregulation, however, fails to parallel the T-lineagespecific genes in their initial increase from DN1 to DN2 (Fig. 1B) . Thus additional regulatory inputs besides Notch signaling are likely to be needed to set the timing for upregulation of T-lineage genes.
Definition of the regulatory gene set
The regulatory factor set that we assembled for expression analysis included the new candidate genes and about 20 additional transcription factor genes already implicated in T-cell specification by direct genetic or biochemical evidence (Rothenberg et al., 2008; Anderson, 2006; Murre, 2005; Rothenberg and Taghon, 2005; Staal et al., 2001 ). The total set of genes assayed is listed in Table 3 . Genes encoding Table 3 and Franco et al., 2006) . Values shown are geometric means of expression levels from the two component sets within the Series. Error bars: range. Gene expression levels are reported in units relative to β-actin measured in the same samples. factors with a close structural relationship to known T-cell transcription factors were included in the set as well, because they might contribute partially redundant or competitive activities.
Many of the newly identified candidates encoded zinc finger factors, often for which little annotation is available. These included both Krüppel-type C2H2 zinc finger factors, likely to bind DNA directly, and RING finger factors, likely to mediate ubiquitin E3 ligase functions and/or other protein-protein interaction functions. Several Krüppeltype zinc finger factors were predicted to be obligate repressors, based on the presence of KRAB and/or SCAN domains in their sequences (Collins et al., 2001 ), e.g. Rbak, Zfp1, Zfp28, Zfp109, Zfp110, Zfp287, Zfp316, Zfp382, Zfp426, Zkscan1, Zkscan5, Zscan21, and Zscan22. Four transcripts encoded Zn finger factors with BTB domains, i.e. Lrf (Zbtb7a), Zbtb20, Zbtb48, and Zfp238.
Other genes were expected to encode transcriptional modifiers that work without direct DNA binding (prothymosin α = Ptma), or contribute to chromatin remodeling (Jmjd3, Myst3, Mta2, Mta3, NCoR1, NCoR2, and SBF1) either to activate or to repress gene expression. Some genes encoded members of known transcription factor families that had not individually been implicated in T-cell development before, such as the POU-homeodomain factor Pou6f1 (Brn-5) and the Ikaros relative Eos (Ikzf4). Transcripts encoding novel isoforms of Rbak, Zfp426, and the winged-helix transcription factor TfDp1, were also identified and later specifically assayed, although these did not reveal a different pattern from the expression of the canonical forms.
These novel regulatory candidates were monitored in parallel with the known essential factors ) E2A (Tcfe2a) and its partially redundant relative HEB (Tcf12), GATA-3 (Gata3), Gfi-1, TCF-1 (Tcf7), Ikaros (Ikzf1), Myb, Runx1,and PU.1 (Sfpi1), and their relatives GATA-2, Gfi1b, LEF-1, Mybl2, Runx2, Runx3, and Spi-B. We monitored Ets1 and Ets2, which may be implicated in TCR gene expression, and other Ets family members associated with stem-cell, Tcell, or NK cell function. Also analyzed were other members of the Ikaros family and members of the helix-loop-helix inhibitor (Id) family. As landmarks for differentiation in the same samples, we assayed genes encoding the T-cell receptor signaling component CD3ɛ; the Notch target gene Deltex1; and the growth factor receptors IL-7Rα (CD127), IL-2Rβ (CD122), and GM-CSF-Rα (Csf2ra) to track changes in the responsiveness of the cells to different environmental signals ( Fig.  1B and data not shown). In all, 80 different candidate regulatory genes were assayed in sets 1 and 2 (series A), and 56 candidate regulatory genes were assayed in sets 4 and 5 (series B). In a review (David-Fung et al., 2006) we previously described a subset of the data from series B, for 19 genes, which is also included in this analysis for context.
The great majority of the regulatory genes were detectably expressed in at least one developmental stage at levels that were calculated to be above 10 − 2 times β-actin copy number. For cells with the overall RNA content of immature thymocytes (∼1 pg/cell), this is consistent with a lower boundary of about 3 × 10 − 3 times β-actin level as the threshold for expression of at least one copy per cell in the population. The comparability of series A and series B was checked by assaying 13 transcription factor genes with important functions or well-marked, distinctive expression patterns in both series: these genes encoded Ets1, Ets2, FOG-1 (Zfpm1), GATA-3 (Gata3), HEB (Tcf12), Id2, LEF-1, Pou6f1, PU.1 (Sfpi1), Runx1, Runx3, SpiB, and TCF-1 (Tcf7). In general, there was excellent agreement between the overall patterns of expression measured across the developmental stages. Also, for more than half of these genes there was also excellent agreement with the absolute measured expression levels (within a factor of 2 or less).
Expression of landmark transcription factor genes and new candidates in normal early T-cell development
Figs. 2-4 present analyses of the expression patterns of the regulatory genes we monitored in the immature DN T-lineage cells of series A and series B. In Fig. 2 , actual qPCR results for the genes are shown with genes in alphabetical order. Data from Series A samples are joined by solid curves, data from Series B samples by broken-line curves. All the expression levels measured in Fig. 2 are presented in units relative to β-actin in the same samples. Several methods were used to group these regulatory genes based on their patterns of expression during T-cell specification. Fig. 3 shows the correlations between expression patterns of different genes within series A and series B. Here, genes are listed in an order determined by hierarchical clustering (shown left of y axis), and the plot uses a color scale ("cold map") to show pairwise correlations between expression patterns of each gene (y axis) with those of every other gene (x axis). Gene expression patterns were also organized by the Minimum Spanning Tree method of Xu et al. (2002) , which discerned similar groups (G. Buzi, data not shown). Finally, Figs. 4A, B show representative selforganizing matrix (SOM) clusterings of the normalized expression patterns for genes analyzed in each series (membership of clusters listed in Supplementary Table 1 ). The boundaries between clusters are somewhat flexible, but Figs. 4C-F show actual expression levels of genes that typify common patterns or features of regulatory factor expression: "rising", "declining", "DN3 peak", and "legacy and loss".
Genes with minimally changing RNA expression: legacy genes
Each clustering method showed that the majority of genes we monitored were expressed in a sustained, minimally changing (b3 fold) pattern from DN1 to DN3 stage. This inter-correlated group is the most dominant feature shown in Fig. 3 (especially 3A) , and encompasses not only the genes with "legacy" patterns shown in Fig. 4F but also many genes not shown in Fig. 4 and genes with very low amplitude DN3 peaks in Fig. 4E . Although many of these stably expressed genes are poorly characterized, it must be emphasized that this group also includes many of the factors known to be essential for T-lineage specification from genetic evidence. It includes Myb, MLL1, Ikaros (Ikzf1), Gfi-1, GABPα, Stat5b, Oct1 (Pou2f1), and TOX, all of which have critical roles in T-cell development and/or in T-cell differentiation gene expression [rev. in (Rothenberg et al., 2008; Rothenberg and Taghon, 2005) (Aliahmad and Kaye, 2008; Yao et al., 2006; Ernst et al., 2004; Xue et al., 2004; Wilkinson et al., 2002; Chen and Kuo, 2001; Ullman et al., 1990) ]. The stably expressed group contains at least as many known contributors to T-cell development as the group of genes that are sharply upregulated (next section). Furthermore, in terms of the provision of regulatory inputs for other genes in the T-lineage program, genes such as FOG-1 (Zfpm1), Gse1, Yy1, and Zfp598 contribute stably as well, which show slightly different expression trends from most "legacy genes" ( Supplementary  Table 1 ) but with very small changes in amplitude. The prevalence of regulatory or candidate regulatory genes showing stable expression in early T-cell development contrasted remarkably with the massive changes in T-lineage gene expression and developmental potential that occur across this interval (cf. Fig. 1B) .
Upregulated genes
A surprisingly small group of genes showed definite upregulation (Fig. 4C ) during DN1 to DN3 progression. Most of the regulatory genes in this group were previously known to be involved in T-cell specification, i.e., Gata3, Ets1 and Ets2, Tcf12, Tcf7, Lef1, Satb1, Ikzf3 (Aiolos), and Id3. Of the less-studied factors added to this group, Cutl1, Hmga1, Jmjd3, Mlf2, Mybl2, Pou6f1, Ptma, and Zfp382 also appeared to increase in expression with the onset of lineage-specific gene expression. However, most of these upregulated factors increased relatively little across the DN1 to DN3 progression, with gross increases of b10-fold. Some of them peaked at DN3 and decreased again after β-selection (DN3b and DN4), a pattern feature discussed further below, for an even weaker net increase.
Within the "rising" group, the timing of upregulation of different sets of regulatory genes defined at least three different positive Fig. 2 . Regulatory gene expression patterns through early T cell development. Gene expression levels are shown for the putative regulatory genes in this study, arranged alphabetically in order of gene names. Gene expression levels are measured by qPCR using primers shown in Table 3 , and the geometric means of values determined from the two independent sets within each series are plotted on a log 10 scale relative to the expression of β-actin in the same samples (0 = log 10 1 = level of β-actin). Data from both "Series A" and "Series B" are combined in these graphs, with Series A measurements joined by continuous line spline curves and Series B measurements joined by broken-line spline curves. One group of Series B measurements that were determined separately from all the others is indicated by dotted curves (Mitf, Sox4, Bcl11a, Cebpa, and one set of Zfpm1). Where the same genes were analyzed in both series, both sets of values are shown. In some cases (SpiB-1, SpiB-2; LRF, LRF⁎), the same genes are assayed with different primer sets. LRF⁎ = primers from Maeda et al. (Maeda et al., 2007) . GATA-3-r = GATA-3 reassayed on the same Series B samples with the same primers, but by a different investigator N 1 yr after initial Series B measurement (David-Fung et al., 2006) ; included to show reproducibility. To align the Series A samples (DN1, 2, 3, and 4) with the Series B samples (DN1, 2, 3a, 3b, and 4 ), values were plotted on an x/y plot in which DN1 was considered "1"; DN2 was considered "2"; DN3a was considered "3.0"; DN3b was considered "3.7"; DN3 (unseparated), which is mostly DN3a, was considered "3.2"; and DN4 was considered to be "4.5". Thus, the β-selection checkpoint is represented by "3.5". The same convention is followed in Figs. 4C-F and Fig. 6 as well. . "Cold maps" are shown to depict the correlation among gene expression patterns within each series, with blue representing full correlation and red representing full anticorrelation as described in Materials and Methods. All genes analyzed in each series are listed in the same order along both the y axis and the x axis of each plot, with the origin at the upper left, so that the diagonal represents the perfect correlations of each gene's expression pattern with itself. The order of the genes on each axis is set by hierarchical clustering of expression patterns as shown at the left of each matrix, with red numbers indicating the closeness of relationship (low numbers: close; high numbers: remote; see Supplementary Methods). Note that in this hierarchical clustering order, the clusters drawn should be considered to have rotational symmetry. Blocks of color help to visualize genes that are regulated in parallel (blue blocks) or in significantly opposing ways (orange/red blocks) through early T-cell development. Three major groups of genes with decreasing, sustained ("legacy"), and increasing expression are identified with lines over particular blocks in Panel A. Series B was used in a targeted way to assay many genes known from sources other than this gene discovery study, and so panel B is more biased toward genes with diverse, highly inflected expression patterns. regulatory events. First, HEBalt (a promoter-use variant of Tcf12 ) and Bcl11b underwent the most dramatic portion of their upregulation at the DN1 to DN2 transition, as described elsewhere (Tydell et al., 2007) . At the next transition, from DN2 to DN3, Ets2, Lef1, and Pou6f1 were sharply upregulated, apparently in parallel. Then, from DN3 to DN4 stage, Ikzf3 and Tbx21 were upregulated. Id3 appeared unique in its induction in early DN3 stage (DN3a) to a peak in newly-selected DN3 cells (DN3b), followed by a striking decline in the DN4 stage. The distinctive pattern seen for Id3 could reflect its preferential use in the TCRγδ lineage . These results, in accord with some previously reported data (David-Fung et al., 2006; Rothenberg et al., 2008; Taghon et al., 2006; Tabrizifard et al., 2004; Morgan et al., 1997) , emphasize that T-lineage specification occurs in an ordered cascade.
Genes downregulated during specification
A prominent feature of the DN1 to DN3 progression was the downregulation of hematopoietic transcription factor genes Gfi1b, Gata2, Bcl11a, and of genes encoding several members of the Ets, Helix-loop-helix, C/EBP, and Runx transcription factor families. Many of these downregulated genes (Sfpi1 (PU.1), Tal1 (SCL), Id2, Cebpa, and Bcl11a) are functionally implicated in non-T cell hematopoietic differentiation programs (Herblot et al., 2000; Ikawa et al., 2001; Anderson et al., 2002b; Liu et al., 2003; Lefebvre et al., 2005; Laiosa et al., 2006) . Another "declining" gene, Erg, was previously identified (Anderson, 2006; Anderson et al., 1999) and has recently been determined to be crucial for stem-cell maintenance (Loughran et al., 2008) . Genes encoding many factors not previously associated with early T-cell precursors also fell into this group, e.g. Aff3, Elk3, Etv6, Klf2, Lima1, Rnf149, Tsc22d1, and Zfp316 (possibly also Thrap3). Downregulation of these factors again occurred in distinct stages. Some transcripts diminished mostly between the DN1 and DN2 stage, including Tsc22d1, Lima1, Gata2, Cebpa and Cebpb, while others fell most abruptly only after the DN2 stage (e.g., Tal1, Sfpi1, Gfi1b, Runx2 and Runx3, and Elk3). The most dramatic shutoffs of gene expression were seen for PU.1 (Sfpi1) and SCL (Tal1), which fell at least two orders of magnitude by the DN3 stage.
Multigene downregulation after the DN3 stage
The DN3 stage is when T-lineage commitment first appears to be complete, when proliferation stops, and when survival first becomes dependent on TCR signaling (β-selection). We expected most discontinuities to occur between DN2 and DN3, with the T-cell identity stabilizing thereafter. However, a more commonly observed pattern element was a rapid decline in expression after the DN3 stage. This was seen both for genes that had been stably expressed from the DN1 stage (Fig. 4F ) and for some genes that were newly upregulated at the DN2 to DN3 transition (Fig. 4E) . Downregulation ranged from a slight decrease for some genes to virtual extinction of others. The Notch-induced gene Deltex1 and the PU.1 relative SpiB showed abrupt, transient peaks of expression at the DN3/3a stage followed by a sharp decline (Fig. 4E ). Other genes were downregulated sharply after more gradually reaching the high point in DN3/DN3a cells. These included Runx1, Zfp287, and the Ikaros family member Ikzf4 (Eos), as well as Hes1 and HEBalt, which were also reported previously Tan et al., 2005; Yui and Rothenberg, 2004) . Even among genes that were also downregulated between the DN1 and DN3 stages, Zbtb20, Klf2, Runx2, and even Id2 all showed their steepest Numbers of clusters and 2-row orientations were chosen to account for at least 84% of the overall variance of gene expression in each Series. Cluster number (c) and number of genes in the cluster are indicated at the top of each panel. Names of members of each of the clusters are listed in Supplementary Table 1 ; examples are shown in (C-F). (C) Genes in this study showing an increase from DN1 to DN3 of N3 fold. Data extracted from Fig. 2. (D) Genes in this study showing a decrease from DN1 to DN3 of N 3 fold. (E) Genes with patterns featuring a major peak in expression at DN3 (DN3a) followed by a substantial decline. (F) Examples of genes showing steady "legacy" expression from DN1 to DN3, including all those with substantial decreases at β-selection. Note that distinctions between the groups in (C)-(F) are not clearcut. Certain genes, e.g. SpiB and Id2, have a "legacy" element of expression but may appear more appropriate for different categories when different primers are used (SpiB-1 vs. SpiB-2, DN3 peak) or in different sample series (Id2, declining). In some of these ambiguous cases the same gene data are shown in two panels to illustrate different pattern features, e.g. Id2, Zfp110 and Zfp287). Additional evidence for these pattern groupings comes from other independent measurements (Rothenberg et al., 2008; Taghon et al., 2006; Yui and Rothenberg, 2004) . downregulation after β-selection. The shutoff of expression after the DN3a stage was the most conspicuous feature of the expression pattern for the Ets-family gene Erg. In the cases of SpiB, HEBalt, and Erg, at least, this downregulation appears to be permanent (see below) (Rothenberg et al., 2008; Anderson et al., 1999) . These results suggest that although developmental commitment appears to occur at the DN3 stage before selection, many "legacy" regulatory genes are shut off only afterwards, apparently triggered by βor γδ-selection.
Genes specifically expressed in thymic natural killer cells One regulatory gene, Tbx21 (T-bet), showed an apparently anomalous pattern of expression in these analyses. Although it was recovered from our macroarrayed SCID thymus library in multiple clones, qPCR showed this gene to be expressed at very low levels in the DN1-DN3 T-cell precursor stages, with most of its expression beginning only as the cells progressed to DN4. Since there is no βselection in SCID thymocytes, this appears inconsistent with the apparent high prevalence of Tbx21 transcripts in the SCID thymus cDNA library. Fig. 5 shows that this is because Tbx21 is actually expressed selectively in thymic natural killer (NK) cells, a population that is highly enriched in SCID thymocytes (Telfer and Rothenberg, 2001; Anderson et al., 1999; Wang et al., 1998) . As in normal DN thymocytes, the immunodeficient cells showed increasing Hes1 expression in DN2 and DN3 cells, a sharp rise in Ets2 expression in Fig. 5 . Gene expression in thymocyte subpopulations with a genetic block to βselection: early T vs. NK lineage gene expression. Realtime qPCR measurements are shown for subpopulations of thymocytes from B6.Rag2 −/− mice, sorted as described previously (David-Fung et al., 2006; Anderson et al., 2002b; Wang et al., 1998) . True DN1 cells are very rare in these thymus populations, but the Sca-1 + Thy-1 low subset contains T-lineage precursor activity while pre-NK cells (Sca-1 − Thy-1 +/− CD24 − ) are marked by strong perforin expression (David-Fung et al., 2006) . Note distinctively high Tbx21 and Il2rb expression in the pre-NK cells. Fig. 6 . Differential regulation of different members of the same transcription factor families. Gene expression data, extracted from Fig. 2 , are shown for: (A) Ets, (B) Runx, and (C) Ikaros family members, and (D) for genes predicted to encode KRAB and SCAN domain-containing zinc finger factors. the DN3 stage. As expected (Anderson et al., 1999) , PU.1 (Sfpi1) was expressed highly in a Rag-deficient population that contains the earliest T-cell precursors (Sca-1 + Thy-1 low ), decreasing in DN2 and DN3 cells and in differentiating NK cells. By contrast, Tbx21 expression was highly enriched in the pre-NK population, a subset which is also marked by its very high expression of IL2rb (Fig. 5 ). High expression of Tbx21 was also confirmed in mature TCRγδ cells (see below), in agreement with others (Yin et al., 2002) .
Discordant or compensatory expression within transcription factor families
Ets, Runx, Helix-loop-helix, and Ikaros family transcription factors are all implicated in stage-specific T-cell development and gene regulation. Our results, however, showed that these families are continuously well-represented at all stages in early T-cell development. It is the balance among family members that undergoes stagespecific developmental change. Fig. 6 (extracted from the data in Fig.  2) shows detailed patterns of expression for transcription factors of some of these families. Some of the strongest changes in expression occur, in opposite directions, among different members of the same structural families. Most dramatic are the expression patterns in the Ets factor family. While PU.1 (Sfpi1) plunges, SpiB spikes and then falls;
and while Elk3, Etv6 (TEL), and Erg decrease, Ets1 and Ets2 increase (Fig. 6A) . Concomitantly, as Runx2 and Runx3 decrease, Runx1 increases (Fig. 6B ). Ikaros family members Ikaros (Ikzf1) and Helios (Ikzf2) are expressed fairly stably, but Aiolos (Ikzf3) dips and then rises while Eos (Ikzf4) peaks and falls (Fig. 6C ). Note also that even though Lef1 and Pou6f1 are among the genes most sharply induced at the DN2 to DN3 transition, their respective relatives Tcf7 and Pou2f1 (Oct1) are also being expressed in a more sustained pattern, at apparently higher levels (cf. Fig. 2) . The bHLH transcription factor families including SCL and the E proteins are also highly dynamic, as are their inhibitors ) (cf. Fig. 2 ).
As many "new" KRAB and SCAN domain zinc finger coding genes were identified in our screen, and are possible candidates for negative regulatory components of the commitment mechanism, it was also of interest to determine how these predicted repressors might be regulated. As shown in Fig. 6D , these genes also showed a mixture of expression patterns: many were expressed stably and at relatively high levels, while others, including the SCAN domain factor Gfi1b, were downregulated at the DN2-DN3 or later transitions. None of those identified were substantially upregulated during specification, however.
Similar or identical target sequences are thought to be bound by multiple members of the Ets, bHLH, Ikaros, Tcf/Lef, and Runx families. Fig. 7 . Cell type specificity of gene expression induced in hematopoietic progenitors on OP9 stroma. Gene expression levels are shown in units relative to β-actin at successive twoday time points, starting from multipotent c-Kit + CD27 + Lin − hematopoietic precursors from fetal liver. Cells were cultured for up to ten days on OP9-control stroma, which does not permit T-cell development (blue shaded bars), and on OP9-DL1 stroma, which promotes T-cell development (brown to yellow shaded bars). Black bars show gene expression in input cells. Cultures were harvested for RNA preparation every two days. At day 4, cells from the cultures were collected and those retaining a precursor phenotype (c-Kit + CD27 + Lin − ) were repurified before being placed in fresh cultures for the remaining 2-6 days . Similar results were obtained in experiments where the cells were not repurified at an intermediate timepoint or were repurified at day 2 instead (data not shown). By 6 d, ∼50% of cells in OP9-DL1 culture are at least DN2 stage, and ∼30% of cells in OP9-control culture are CD19 + . Genes transiently induced on either stroma (e.g. Il2rb, Cebpa) reflect abortive emergence of NK and myeloid cells (data not shown), which are then suppressed during sustained culture under OP9-control or OP9-DL1 conditions. Table 4 Expression patterns beyond the pro-T cell stages If nuclear concentrations of these transcription factor proteins follow the patterns of their RNAs, then these data imply that Ets, Runx, bHLH, and Ikaros binding sites in target genes may be continuously occupied throughout early T-cell development, but by shifting combinations of factors within these families.
Lineage specificity and kinetics of induction in vitro
The evidence presented so far suggests that stage-specific positive and negative regulatory changes during the DN1 to DN3 progression are superimposed on a rich background of gene expression continuing from the earliest stage through commitment. In this context, we revisited the question of which regulatory genes in our study might be T lineage-specific. Not only genes upregulated during commitment but also some of the genes with seemingly stable expression could be candidates. Most cells in the earliest stage of adult mouse T-cell development, the DN1 stage, have already been acted upon by the thymic microenvironment and are already distinct from multilineage prethymic precursors, e.g. with respect to expression of Dtx1, Gata3, Hes1, and Tcf7 (Heinzel et al., 2007; Sambandam et al., 2005; Tan et al., 2005; Tydell et al., 2007) . Thus we investigated whether the stable expression of regulatory genes from DN1 to DN3 stage was actually continuing from prethymic precursors or was an immediate response to thymic signals. For this, we made use of an in vitro differentiation system in which a cohort of prethymic precursors can be traced over time as they enter the T-cell pathway (Schmitt et al., 2004b; Schmitt and Zuniga-Pflucker, 2006; Taghon et al., 2005) . The T-cell program is triggered in hematopoietic progenitor cells by co-cultivation with stromal cells that have been forced to express a Delta-type Notch ligand. In the absence of the Notch ligand, or at reduced Notch signaling intensity, these same stromal cells support differentiation into B (and some NK) cells but not T cells (Schmitt et al., 2004a) . Thus a comparison of the differentiation of the same precursor cells on stromal cells with and without Delta reveals not only discontinuities from prethymic input cells but also differences between the T and Bcell programs.
Legend: (A) Definition of pattern types for genes analyzed in the study. Genes were classified according to their patterns of expression in the DN1-DN4 stages, based on their expression in cluster analyses such as those in Fig. 4 , with adjustment "by hand" to take into account whether the dynamic ranges of their profiles exceeded the range of interexperiment error, or whether they were essentially flat in expression across these stages. Patterns are described at the foot of Table 4A . Dynamic range indications are as follows: 10 = greater than tenfold range from peak to trough in DN stages; 3 = between threefold and tenfold range; 1 = less than threefold range. (B) Expression of genes in non-T developmental contexts and in stages after βor γδ-selection. Gene expression levels were assayed in 2 samples each of the following: bone marrow derived pre-myeloid cells; pro-B cells, as CD19 + cells from Rag2 −/− mouse bone marrow; Rag2 −/− total thymocytes; TCRβ −/− total thymocytes; TCRγδ + cells sorted from TCRβ −/− thymus; and sorted subsets from wildtype thymocytes as follows: DN (mostly DN3 and DN4); DP (CD4 + CD8 + ); CD4 SP (TCR + CD4 + CD8 − ); and CD8 SP (TCR + CD4 − CD8 + ). Data from individual samples were first normalized according to β-actin levels, then the geometric mean of independent samples was calculated. To compare patterns of use for genes that are expressed at very different levels, all values were then normalized to a reference "pan-DN" level for each gene, that is the geometric mean of the values in Rag2 −/− , TCRβ −/− , and sorted DN wildtype thymocytes. The Table shows the resulting relative expression values. For genes that increase in expression after β-selection, the sorted DN sample value will be greater than 1; for genes that decrease in expression from the DN1 stage through β-selection, the sorted DN sample value will be less than 1. Cells are shaded to help discern different patterns of expression: orange shaded cells show expression that is more than 3× higher than the reference pan-DN value; green shaded cells show expression that is less than 30% of the level of the reference pan-DN value; purple shaded cells show expression that is less than 1/10 of the level of the reference pan-DN value. Gray shaded cells have no data. In two independent series of time course samples, we tracked genes representative of each expression pattern. The gene expression measurements from one well-characterized OP9 culture time course Tydell et al., 2007) are shown in Fig. 7 . Similar results were obtained in a second timecourse of four days overall, and in samples re-sorted from the two timecourses at two or four days of culture (data not shown). B-cell specification was tracked by upregulation of the Pax5 gene. In these samples, the Notch target gene Dtx1 and previously characterized T-cell specific regulatory genes Gata3, Tcf7, and Bcl11b as well as the T lineage-specific differentiation gene Cd3e were upregulated only under T-cell conditions as previously reported Tydell et al., 2007) . Those data are included here again as a standard for T-lineage specificity. None of the other genes in this study showed comparably strong T-lineage specificity. A group of other genes did show a weaker but detectable preference for T-cell conditions, with either accelerated or more extensive upregulation. These genes included Ets2, Foxp4, Myb, Rbak, Pou6f1, Satb1, Tcf12, and Tle3 (Fig. 7) . In addition, "legacy pattern" representatives Mta3 and Stat5b appeared to be sustained better from stem-cell levels in the T-lineage conditions than in the Blineage conditions.
Even so, the great majority of the genes analyzed were not induced preferentially during T-lineage differentiation under T-cell conditions. Although genes such as HEBalt and Pou6f1 are markedly upregulated in vivo at particular DN stages, they also were substantially induced in the B-cell conditions. Of particular interest were the four regulatory genes, Ets1, Ets2, Lef1, and Pou6f1, which are specifically induced during commitment to the T-cell lineage at the DN3 (DN3a) stage and maintained thereafter. If this event represents the definitive activation of T-lineage specific regulators, then these genes should show clear Tlineage specificity. Indeed, Ets2 showed an increasing expression specifically in T-lineage promoting conditions. But as already noted, Pou6f1 was clearly upregulated in B-cell precursors as well, and Ets1 and Lef1 showed no sustained T-lineage preference at all. SpiB, also specifically upregulated during the DN3 stage, was expressed considerably better in the B lineage cells.
These results are consistent with a separate assessment of the Tlineage specificity of N70 of these genes, in which we compared expression in adult DN pro-T cells with expression in freshly isolated bone marrow myeloid cells and pro-B cells (Table 4B , columns 1-3). This survey also included Cd3e, as a marker for T lineage specificity, the B-lineage specification gene Pax5, and Bcl6, which encodes a factor crucial for mature B-cells and is reported to provide physiological restraint on the expression of GATA-3 in peripheral T cells (Kusam et al., 2003) . The results confirmed that the overwhelming majority of the transcription factor genes assessed were not T lineagespecific in expression. Of the genes analyzed in this series, only Gata3, Tcf7, Pou6f1, Ets2, and TOX (not monitored in the OP9 culture samples) showed an early T-lineage preference, i.e. with T-cell levels N3× greater than their levels in myeloid and pro-B cells. SATB1 also nearly met this criterion (Bcl11b was not assayed in these samples). Tbx21 was expressed more strongly in thymocytes than in myeloid or pro-B cells, but on closer examination, it was strongly expressed only in TCRγδ cells and in unsorted mutant thymocyte populations with a strong NK component (sorted wildtype DN cell value b0.15 of pooled "pan-DN" reference value). In this comparison as well as in Fig. 7 , Table  4 confirms that the levels of Ets1 and Lef1 were no higher in pro-T cells than in pro-B cells, in agreement with their known roles in B cell development (Wang et al., 2005; Reya et al., 2000) .
Taken together, these results show that the regulatory genes with strongly T-lineage specific expression are a very select subset of pro-T cell transcriptional regulators, and that within our sample they are represented only by Gata3, Tcf7, TOX, and Bcl11b. These are all factors that undergo most of their upregulation before the DN3 stage, i.e. before T lineage commitment. But the notable result is that most of the regulatory factors in our set that are specifically induced during the transition to T lineage commitment appear to be factors with substantial expression in the B-cell or myeloid lineages as well.
Roles in later T-cell development for factors used in pro-T cell specification
The downregulation during β-selection that was observed for many of the new transcription factor genes raised the question of whether factors sharing particular expression profiles during the pro-T cell stages might also be used in parallel patterns in later stages of Tcell development. Therefore, we also surveyed gene expression in a collection of samples representing later, TCR + stages of T-cell development, from CD4 + CD8 + (double positive, DP) to mature CD4 + or CD8 + TCRαβ + cells, and TCRγδ + cells (Table 4B ). In Table 4A , each qualitative expression pattern as defined in the DN cells (from Figs. 2-4) is coded; then within each pattern, the genes are further classified according to the overall magnitudes of their expression changes from lowest to highest level, to distinguish weak and questionable expression changes from strong ones. As for the non-T cell samples in Table 4B , expression of each gene in TCR + subsets is presented in units relative to its expression in a pool of DN cell samples, and color coded to help discern similar and different overall patterns of cell type specificity. A number of the gene expression patterns shown here have been corroborated in a separate analysis with independent sets of samples (Rothenberg et al., 2008) .
While this survey was too small to establish definitive expression levels, Table 4B shows that genes representative of each DN pattern could go on after β-selection to be expressed in diverse combinations in each of these cell types. Not only genes with sharp ascending or descending patterns, but also genes with "legacy" or "flat" expression patterns (Table 4 , patterns 5 and 8) showed notably divergent patterns of expression in TCR + stages represented by DP, CD4 SP, CD8 SP, or TCRγδ cells. As expected, progenitor-cell genes such as Sfpi1 that were repressed during commitment were never re-expressed, but also an additional group of genes (e.g. Erg, SpiB, Hes1, FUS, TfDp1, and Hmga1) remained profoundly downregulated in all TCR + cells, even though they were shut off only at β-selection, considerably later than Sfpi1 (PU.1), Lima1, Tal1, and Gata2. Thus, a limited hit-and-run role during the pro-T cell stages is suggested for at least two distinct sets of regulatory genes. Other genes were downregulated selectively in CD4 + CD8 + DP cells, in all TCRαβ + mature cells, or in CD4 + or CD8 + cells specifically (Table 4B ). Another, unanticipated finding was a group of transcription factors that appear to distinguish sharply between TCRγδ cells and any of the TCRαβ + subsets. Period1, Stat5b, and Zbtb48 appeared to be downregulated in TCRγδ cells as compared to TCRαβ + cells; Dmtf1 and NCoR2 were specifically elevated in TCRγδ thymocytes, along with known TCRγδ-enriched factors Runx3 and Tbx21 Yin et al., 2002) . Thus, transcription factors inherited from prethymic precursors may still help to generate T-cell functional diversity after the pro-T cell stages.
Discussion
T cell lineage choice appears to encompass two major regulatory events: an asynchronous upregulation of increasing numbers of T-cell genes from the DN1 to the DN3 stage, and a sharp discontinuity in developmental potential when the cells undergo lineage commitment during transition to the DN3 stage. These two processes are followed by a TCR signal-dependent cascade of selective and developmental changes through the β-selection transition. If T-cell development followed the model of B-cell development, then the onset of T-lineage gene expression should reflect the activity of T-lineage specific transcription factors, and commitment to the T-cell lineage would reflect the advent of the definitive T-cell specific regulatory state. In this study, however, we see that the T-lineage commitment process departs from expectation in several respects. First, the essential regulatory genes that are turned on in a truly T lineage-specific way remain rare and do not seem to be upregulated during commitment. Second, many of the regulatory changes that do occur in early T-cells are to repress a subset of prethymically inherited genes rather than to upregulate new T-cell specific factors, as noted by others (Kawazu et al., 2007) . Third, at the DN3 stage when commitment is thought to occur, the regulatory genes turned on are mostly not T-lineage specific. This suggests that the detectable evidence of commitment at this stage may be a readout of a more general cell biological function rather than a cell type identity function as such. Finally, we show that the loss of factors inherited from the prethymic, multipotent progenitor state may only be completed during β-selection. The β-selection (or γδ-selection) process may therefore contribute a larger aspect of the commitment mechanism than has previously been recognized.
A few caveats need to be stated. First, our analysis is not a complete accounting for all transcription factor genes. Although the gene discovery methods we have used here and in related studies (Anderson et al., 1999; Tydell et al., 2007) have expanded the pool of known candidate regulatory molecules (and their splice isoforms) in early pro-T cells, our gene lists should be considered as a complement to those in microarray studies as in work by the groups of Petrie, Staal, Ogawa, and Melchers (Tabrizifard et al., 2004; Dik et al., 2005; Kawazu et al., 2007; Hoffmann et al., 2003) . In contrast to this study, most of the recent microarray studies cited have not addressed how different patterns of expression might be related to lineage specificity. Where our data overlap with these published reports, they are in general agreement, but each kind of study includes genes that are not highlighted in the other. A second caveat is that the RNAcentered analyses used here almost certainly miss some levels of regulation that alter protein levels between stages at which RNA levels are constant. Known examples relevant to T-cell development are the cases of E2A (Engel et al., 2001) and GATA-3 (Yamashita et al., 2005; Kusam et al., 2003; Hernández-Hoyos et al., 2003) , both of which could be more sharply regulated between certain cellular states than their transcript levels reveal. Nevertheless, even if we miss some changes in active factor levels when RNA expression appears "flat", when we do see major changes in RNA level, it is very likely that protein activities are also changing.
This regulatory gene expression analysis sheds light both on the cellular states that make up the stages of T-cell development and on the status of the regulatory molecules that may promote transitions between these stages. Considering these regulatory genes simply as indicators, the gene expression patterns shown here increase greatly the number of "dimensions" of data we have to distinguish DN1 from DN2 from DN3 pro-T cells. Instead of relying only on c-Kit, CD44, and CD25 to track normal developmental progress, the distinctively timed downregulation patterns of PU.1 (Sfpi1), SCL (Tal1), Gfi1b, Erg, Zfp316, Runx2 and Runx3, and Elk3 can also be used together with the distinctively timed upregulation patterns of Bcl11b, Ets2, Lef1, Id3, and Pou6f1 to provide a much finer-grained picture of normal or abnormal developmental progression. The downregulation at β-selection that normally affects Hes1, SpiB, Erg, HEBalt, and genes like Zbtb20 and Zfp287 can also be used to diagnose abnormalities of passage through this checkpoint (Yui and Rothenberg, 2004) . Consideration of this expanded set of stage markers reveals reproducible variations of normal T cell development, as between the normal adult pathway and the accelerated development in the fetal thymus (David-Fung et al., 2006) . In this case, because the "stage markers" actually encode regulatory factors, the differences may eventually shed light on the mechanisms controlling the differing rates of fetal and adult development.
The products of these regulatory genes also need to be considered as "drivers". Changes in gene expression from stage to stage ultimately arise from changes in transcription factor activity. However, the oftensubtle changes in expression of known essential regulators that we report raise important questions about the amount and type of change that is needed to be significant. Transcription factors work combinatorially in order to regulate target genes, and even factors showing minimal change can be functionally important participants in the Tcell developmental process through interaction with different partners. Thus, not everything that is functionally important for activation of a particular target gene needs to change in level. Among the factors known to be critical for T-cell specification Anderson, 2006) , some like Myb and Gfi1 may increase less than three-to five-fold between the stem cell state and the committed DN3 stage (Tydell et al., 2007; Rothenberg et al., 2008) . These precedents suggest that "legacy" factors generally could also be potential participants in T-lineage specification, changing their functions through interaction with different partners (Sieweke and Graf, 1998) .
Our results also suggest that what turns on different genes at different stages of the T-cell development process is sometimes not so much the appearance of a new transcription factor DNA-binding activity, but rather, the change in the identity of the dominant transcription factor that can bind to a given DNA regulatory site. As we show here, the overall level of DNA binding activity by Ets, Runx, and Ikaros family factors may be virtually constant from DN1 to DN3 stage. It is mainly the balance among different members of the family that undergoes dramatic developmental change. Clearly some of these families can participate in causing these changes through their own cross-regulatory relationships: Gfi1b repressing Gfi1, Runx3 repressing Runx1, and PU.1 repressing SpiB, Ets1, and Ets2 (Doan et al., 2004; Vassen et al., 2005; Spender et al., 2005; Franco et al., 2006) . But for the change among family members to make a difference, it is likely that protein-protein interactions with other transcription factors are affected by the swap of one family member for another, and not just simple affinity for a DNA target site: there are clear precedents for this among Ikaros family factors (Thompson et al., 2007) . By extension, each of the members of these families may compete with the others functionally. For example, as the cells progress from DN1 to DN3, downregulation of Runx2, Runx3 and Gfi1b could greatly enhance the impacts of the slight upregulation of Runx1 and Gfi1, on target genes for which these family members are not functionally equivalent.
There are two crucial watersheds in the T-cell specification process that need to be explained in regulatory terms, and our results shed light on what they actually entail. These are, first, the onset of Tlineage gene expression from DN1 to DN2, while the cells are apparently still multipotent, and second, the loss of multipotency as the cells reach the DN3 stage. This work and previous data (Tabrizifard et al., 2004; Dik et al., 2005; Tydell et al., 2007) show that the DN1 to DN2 transition involves only modest increases in expression of two Tlineage specific regulators (GATA-3 and TCF-1) and the dramatic upregulation of a third, Bcl11b. But although our gene discovery strategy has yielded many "new" potential transcriptional regulators in early T-lineage cells, no new candidates are both T-cell specific and significantly upregulated at this time. This conclusion is also supported by published microarray data (Dik et al., 2005; Tabrizifard et al., 2004; Hoffmann et al., 2003) . Could GATA-3 or TCF-1 be the main driver of T-cell gene activation at the DN2 stage? This seems questionable because the major upregulation of these factors occurs much earlier, in entry to the DN1 stage (Tydell et al., 2007) , which can be multiple rounds of proliferation before the DN2 stage (Petrie and Zuniga-Pflucker, 2007) . Notch inputs seem to be needed throughout, and there is little indication from Hes1 or Dtx1 expression that there is any special intensification of Notch signaling at this point [rev. in (Rothenberg et al., 2008) ]. Bcl11b is of great interest, but seemingly is not required for development even to the DN3 stage (Inoue et al., 2006) . While Gfi1 and E protein genes are somewhat upregulated, they are not T-lineage specific. Therefore, a major timing element in this initial phase of specification may be an increased permissiveness for the activity of T-lineage specific genes through the downregulation of multiple DN1 and prethymic regulatory genes. It may indeed be the downregulation of antagonists that enables stably transcribed factors like E2A to undergo sudden gains in potency, e.g. by posttranscriptional mechanisms, during the DN1 to DN2 transition (Engel et al., 2001) .
The results also imply that the commitment process itself has a compound nature that is masked in conventional comparisons between DN2 and DN3 cell potential. Negative regulation of Gfi1b, SCL, PU.1, and other factors should play a role. But the surprise is that the factors specifically upregulated during commitment are almost all shared between the T lineage and other cell types, with little if any preferential expression in T cells as opposed to B cells. Ets2 upregulation and the transient hyperactivation of Notch pathway target genes are the two main positive events that are T lineage-biased; but the Notch activation is not a stable change and the Ets2 activity appears to remain low compared to its pan-lymphoid relative Ets1. Ets2 may have a later specific role in T cell development (Zaldumbide et al., 2002) , as our OP9 time course captures only the beginning of its upregulation (M.A.Y., data not shown), but its expression is not actually T-lineage specific, as it is expressed in myeloid cells as well (Ross et al., 1998) . Thus the transition from multipotent to committed may not use an exclusively T-lineage specific mechanism. Note that the DN3 stage in adult mouse thymocytes is associated with a proliferative halt (Petrie and Zuniga-Pflucker, 2007) , with growth resuming only if βor γδ-selection is successful. Conceivably the change assayed as "commitment" is primarily a loss of proliferation, before new functions are conferred during the β-selection process. A permanent lockdown of commitment might only be required to preserve lineage fidelity if and when proliferation might resume. Thus it is also notable that our results show another major phase of repression during β-selection, when a large subset of the "legacy" genes, which had been stably expressed through the DN3 stage are finally turned off. In this altered regulatory environment, the proliferation associated with βand γδselection would not only dilute out pre-existing transcription factor proteins but also provide opportunities to remodel chromatin, which would not be available in G 1 arrest in the DN3 stage. Thus it may be only through βor γδ-selection that commitment can actually be converted into a stable and heritable condition.
In perspective, the induction of Tcf7 and Gata3 and then Bcl11b, all in the earliest steps of T-cell development, remain the most T-lineage specific of all the regulatory features studied here. Their initial upregulation occurs in the stages when cells are still multipotent, and our results show that few if any other T-lineage specific regulators are likely to be added as the cells undergo lineage commitment. What occurs instead appears to be the stripping away of other alternative pathway regulators and neutralization of inhibitory influences, so that a latent identity already instilled in the earliest intrathymic precursors can be stabilized and revealed.
